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The effect of retinoic acid (RA) on the terminal differ-
entiation of guinea pig keratinocytes maintained in sus-
pension culture was studied. Keratinocytes obtained 
from trypsinized guinea pig skin were suspended in me-
dium containing 20% calf serum and 1.2% methyl cellu-
lose. RA, which was added at the beginning of culture, 
delayed differentiation as judged by a decrease in the 
percent of cells that developed disulfide cross-linked 
keratin (sodium dodecyl sulfate insoluble cells) and cor-
nified envelopes (sodium dodecyl sulfate and 2-mercap-
toethanol insoluble cells). RA inhibited differentiation 
ID.aximally at 5 /Lg/ml on day 3 of a 5 day culture; con-
centrations as low as .005 /Lg/ml were also inhibitory. 
Because the disulfide cross-linking of keratin and the 
formation of cornified enve'Iopes are thought to occur 
W'hen the cell membrane becomes permeable, we deter-
Illined whether RA inhibited these processes by stabiliz-
ing the cell membrane. Two agents (ionophore X537 A 
and Triton X-IOO) which permeabilize cell membranes 
rapidly reversed the inhibitory effect of RA on cornified 
envelope formation. In addition, when cultured with RA, 
the percent of cells which became permeable to trypan 
blue was reduced, also suggesting that RA acts on the 
cell membrane. These studies show that RA can inhibit 
keratinocyte differentiation by stabilizing the cell mem-
brane thereby delaying transition from a living epider-
Inal cell to a dead cornified cell. 
Vitamin A and its derivatives (retinoids) are used in the 
treatment of many cutaneous disorders of "keratinization" such 
as psoriasis, ichthyoses, pityriasis rubra pilaris, Darier's disease, 
keratoses of the palms and soles [1], and acne vulgaris [2]. 
These disorders are diverse, and, while not necessarily disorders 
of keratin per se, have in common defects in the normal orderly 
differentiation of the epidermis. This leads to abnormalities in 
the final differentiation product of the epidermis, the stratum 
corneum. In many of these diseases retinoids restore a normal 
epidermis. In addition, hypovitaminosis A leads to an abnormal 
epidermis and stratum corneum [3]. Retinoids, therefore, have 
ilnportant effects on the differentiation of the epidermis. How-
ever, the process of differentiation is complex and includes 
many factors [4], and which of these retinoids affect is not 
understood. 
Recently, Green [5] has developed a method of quantitating 
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certain aspects of the differentiation process. When keratino-
cytes, in contrast to other cell types such as fibroblasts, are 
placed in suspension cultw-e, their membranes become perme-
able over the course of several days [5,6]. As a result, the cell 
keratin becomes disulfide cross-linked and therefore the cell 
becomes insoluble in the detergent sodium dodecyl sulfate 
(SDS) [7]. In addition, a variable percentage of cells will also 
form cornified envelopes and thus become insoluble in SDS 
and the reducing agent 2-mercaptoethanol (2 ME), and, in the 
presence of serum, most cells will lose their nuclei. The keratin 
intermolecular disulfide bonds are thought to occur because, as 
the cell membrane becomes permeable, the cell loses its reduc-
ing environment and keratin spontaneously cross-links [7]. The 
cornified envelope, which consists of nonkeratin proteins [8] 
cross-linked by €-(y-glutamyl) lysine bonds [9,10], is thought to 
form as a result of an increased permeability of the cell mem-
brane to calcium which activates a transglutaminase [11 ,12]. 
These aspects of terminal differentiation which occur in kera-
tinocyte suspension culture correspond to some of those which 
take place in vivo at the border of the living epidermis and the 
dead stratum corneum. As cells progress into the stratum 
corneum, their nuclei are lost, disulfide bonds stabilize their 
keratin [7,10,13], and a chemically resistant cornified envelope 
forms [8,14]. 
In order to determine whether RA affects some of these 
aspects of the terminal differentiation of keratinocytes, guinea 
pig keratinocytes in suspension culture were studied for the 
formation of disulfide cross-linked keratin and cornified enve-
lopes. RA inhibited the formation of both as a result of a 
stabilization of the cell membrane. 
MATERIALS AND METHODS 
Epiderm.al Cells 
Single ce ll suspensions of freshly dissociated guinea pig epidermal 
cells were obtained by trypsinization of keratomed 0.3 mm th ick skin 
strips as previously described [15]. 
Suspension Culture 
To form a viscous medium able to maintain cells in suspension, 
Du lbecco's Modified Eagle Medium (DMEM) with penicillin 50 units/ 
rnl and streptomycin 50 ,ug/ ml was mixed with methyl cellulose (Meth-
ocel A4M Premium, Dow Chemical, Midland, Michigan) as described 
by Green [5]. This medium was added to 4 X 10" cells in 4 rnl fetal calf 
serum or calf serum to a total volume of 20 ml in a conical tube. The 
cells were distributed throughout the medium by repeatedly inverting 
the tube. The final concentration of methyl cellulose was 1.2% and of 
serum was 20%. 
RA (Sigma, St. Louis, MO), dissolved in ethanol, was added at the 
beginning of culture (day 0) to the appropriate tubes. The final concen-
tration of ethanol in all cultures was 1%. Cultures were maintained at 
34.50 in 5% CO2 , 95% air. 
Determinations of Membrane Permeability and Termina.l 
Differentiation 
The method devised by Green [5] was used. After variable periods of 
time in culture, 1 rnl of the suspension cul ture was diluted with 10 ml 
of phosphate buffered saline (PBS) . The cells were centrifuged at 1200 
rpm then resuspended in 12 rnl PBS and divided equally into 3 tubes. 
The cells were centrifuged again at 1200 rpm. One pellet was resus-
pended in 0.2 rnl of .04% trypan blue in PBS for 10 min and the cells 
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were cou nted in a hemacytometer using phase contrast microscopy and 
scored fo r total number and percent impermeable to try pan blue. The 
remaining two peliets were resuspended, one in 10 ml of 1% SDS, and 
the. other in 10 ml of 1% SDS plus 1% 2 ME. After 10 min a t room 
temperature, the cells were centrifuged at 2400 rpm for 10 min, the 
pellets d ilu ted in 0.2 ml PBS and coun ted in a hemacytometer using 
phase contrast microscopy. By comparing these counts to the total cell 
number determined from the first pellet, a percentage was determined 
for (1) SDS insoluble cells and for (2) SDS plus 2 ME insoluble cells. 
These va lu es correspDnd respectively to the percent of cells with (1) 
disulfide cross-linked kerat in and with (2) cornified envelopes. 
AdditiDn Df Membrane Permeabilizing Agents tD Suspension 
Cultures 
In order to determine whether agents which permeabilize ce ll mem-
branes could reverse the effect of RA Dn differentiatiDn, a method 
simila r to that described by Rice and Green [ll] was used. X537A 
(Hoffman-LaRoche, Nutley, NJ), a monovalent and divalent cation 
ionophDre [16], was dissDlved in ethanol and 0.1 ml was added to 10 ml 
of a day 3 suspension culture. Control cul tures received the same 
amDun t. of ethanol. After 3 hr, the percentage of cells with cornified 
envelopes was determined. Similarly, Triton X-IOO was diluted with 
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F IG 1. Retinoic acid inhibits the differentiation of guinea pig epi-
dermal ce lls in suspension cu lture. Varying amounts of retinoic acid 
were added at the beginning of culture and parameters of differentiation 
were assayed on day 3 as described in text. Each point is the mean of 
duplicate determinations. One representative experiment is shown. 
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DMEM, 0.1 ml was added to 10 ml of a day 3 suspension cul tme, and 
cornified envelopes were assayed 4 to 5 hr later. Trit.on X-lOO permea-
bilizes cell membranes through its ac tion as a detergent and thus has 
a different mechanism of action than the ionophores which specifica lly 
open channels through the membrane for ions. 
RESULTS 
Effect of Retinoic Acid on Terminal Differentiation 
To determine whethel' RA affected differentiation in suspen-
sion culture, varying amounts were added at the beginning of 
culture, then on day 3 the percent of cells with disulfide cross-
linked keratin (SDS insoluble) and with cornified envelopes 
(SDS and 2ME insoluble) was measured. RA inhibited cross-
linking of keratin and cornified envelope formation at concen-
trations as low as .005 ILg/ rnl (1.7 x lO-BM ), and maximal effects 
were usually seen at 5 ILg/rnl (1 .7 x 1O- 5M) (Fig 1). Concentra-
tions as high as 50 ILg/ ml actually accelerated cross-linking of 
keratin in some experiments, probably because at this high 
level RA was toxic to the cells and caused cell death with a 
resultant loss of the reducing environment of the cell and 
spontaneous cross-linking of keratin [7]. To determine the 
optimal day of culture on which to measure a RA effect, 5 ILg/ 
rnl was added to suspension cultures on day 0 and determina-
tions of cross-linked keratin and cornified envelopes were made 
each day of a 5 day cultW'e and compared to cul .. ues which did 
not contain RA. Maximal inhibition of differentiation was usu-
ally seen at day 3 (Fig 2). Therefore, in order to compare RA-
treated to untreated suspension cultures, a series of experiments 
was done at a RA concentration of 5 ILg/ ml and determinations 
of differentiation were made on day 3 of cultw·e. RA regularly 
inhibited the disulfide cross-linking of keratin and the formation 
of cornified envelopes (Table). These results cannot be ac-
counted for by proliferation or loss of a portion of the cells, 
because there was no difference in cell counts per unit volume 
of culture medium on day 0 and day 3 of culture. 
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FIG 2. Time course of differentiation of guinea pig epidermal cells 
measured each day of a 5 day suspension culture with retinoic acid 5 
flg / ml added at the beginning of culture (e--e) or without retinoic 
acid (0 - - 0 ). Bars represent ± SEM of 3 determinations. One repre-
sentative experiment is shown. 
Terminal differentiation of guinea pig epidermal cells in day 3 
suspensiDn culture with and without retinoic acid 
With RA 
WithoutRA 
% SOS insoluble 
ceUs 1% with 
disulfide cross· 
linked keratin) 
49 ± 6" 
81 ± 4 
p < 0.001" (N = 7) 
" mean ± SEM. 
%SOS and 2 ME 
insoluble cells 
1% with cornified 
envelopes) 
35 ± 3 
56 ± 5 
p < 0.001 IN = 14) 
"p-values determined by paired t-test. 
% l'rypan blue 
impermeable ceUs (viable cells) 
19 ± 2 
13 ± 2 
p < 0.001 (N = 14) 
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Retinoic Acid Acts by Stabilizing the Cell Membrane 
Since both cross-linking of keratin and cornified envelope 
formation are t hough t to occm because the keratinocyte mem-
brane becomes permeable [5,7,11], we determined whether RA 
acts by stabilizing the cell membrane. A significantly greater 
percentage of RA h'eated cells, compa.red to untreated cells, 
were able to exclude trypan blue on day 3 of culture (Table). 
However, tr YRan blue exclusion is a rather subjective and 
nonspecific method of measw'ing membrane permeabil~ty and 
may have been influenced by damage to the cells dmmg the 
washing and centrifuging needed to remove them from suspen-
sion culture. T herefore, we examined the cell membrane func-
tiona.lly. If RA acts by stabilizing the cell membrane, its inhib-
itory effect on differentiation should be rapidly reversible by 
agents such as X537A, an ionophore, and Triton X -lOO, a 
non ionic detergent, both of which permeabilize the cell mem-
bl·ane. Indeed, when added to RA treated cultmes on day 3, 
X537 A did reverse the inhibitory effect of RA on cornified 
e nvelope formation within 3 ill' (Fig 3,4). T he optimal concen-
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FIG 3. Cornified envelope formation as a function of concentration 
of ionophore X537A. Formation of cornified envelopes by epidermal 
cells cul tured in suspension with retinoic acid for 3 days t hen expo ed 
to varying amounts of X537A for 3 hr . Each p oin t is the mean of 
duplicate determinations. 
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FIG 4. E ffect on cornified envelope formation of adding 25 /.1M of 
ionophore X537 A to day 3 epidermal cell suspension cul tures. X537 A 
rapidly induces cornified envelope formation in those cells cultured 
with RA. (Bars indica te ± SEM). 
tration of X537 A was determined to be 25 /lM (Fig 3) and this 
concentration was used in a series of experiments on day 3 
cu ltures (Fig 4) . The mean increase in the number of cornified 
envelopes per 100 cells 3 hr after the addition of X537 A to cells 
cultured with RA was 18 ± 2 (mean ± SEM, N=6), whereas in 
those cells cultured without RA the increase was only 5 ± 3 
(N=4), p < 0.01 (2 sample t-test) . Thus, X537A rapidly reversed 
the inhibitory effect of RA on cornified envelope formation, 
confirming that RA acts till'ough a membrane effect. Similar 
results were obtained with Triton X-lOO. The optimal concen-
tration of Triton X-lOO needed to induce cornified envelope 
formation was 0.01% (Fig 5); a higher amount (0.015%) did not 
increase the number of cornified envelopes. This concentration 
effect was also observed by R ice and Green [11] and probably 
resul ts because at high concentrations of detergent the cell 
membrane is disrupted to such an extent that envelope protein 
precursor and/or transglutaminase leak from the cell before ~he 
cornified envelope can be formed. However, at a concentratIOn 
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of 0.01%, Triton X-IOO rapidly reversed the inhibitory effect of 
RA on cornified envelope formation (Fig 6), p < .05 (2 sample 
t-test) . 
DISCUSSION 
In this study we have shown that retinoic acid (RA) inhibits 
the terminal differentiation of guinea pig epidermal cells in 
suspension culture. Disulfide cross-linking of keratin and for-
mation of cornified envelopes are delayed and, a t the same 
t ime, th e number of cells permeable to trypan blue is decreased, 
suggesting that RA acts by stabilizing th e cell membrane. This 
possibili ty was verified by showing t hat 2 agents capable of 
permeabilizing membranes (X537 A, an ionophore, and Triton 
X-100, a non-ionic detergent) rapidly reversed th e inhibitory 
effect of RA on cornified envelope formation. 
T hese stul:lies suggest, therefore, that RA can affect keratin-
ocyte differentiation by slowing down the transition from living 
epidermis to dead stratum corneum. T his is consistent wit h 
findings in vivo of an increased number of nucleated cells as 
well as a thickened granular ceU layer after vitamin A treatment 
of epidermis [2,17]. If cells were delayed in progressing to the 
dead stratum corneum t hey would retain their nuclei and might 
con tinue to synthesize differentiation products such as kerato-
hyalin. 
As shown here, RA can affect keratinocyte differentiation 
without affecting proliferation. R ecent studies [18,19] suggest 
such an affect on mouse epidermal cells in monolayer culture. 
Retinyl acetate inhibited cell proliferation but at the same time 
delayed terminal differentiation and cell death. On the ot her 
hand, several studies have also shown that retinoids can in-
crease proliferation of basal epidermal cells [2,20- 23]. This 
proliferative response may be dose related and at high doses 
retinoids may inhibit mitosis [24]. In any case in the suspension 
cell culture system we have used, in which RA inhibits terminal 
differentiation, cells do not proliferate. 
In t his system RA inhibited terminal differentia tion by sta-
bilizing t he cell membrane. In other systems, retinoids have 
been sh ow'n to stabilize membranes, however at high doses they 
can act as detergents and disrupt membranes [25,26]. Finally, 
studies have also suggested that retinoids may act by causing 
gaps in the basal lamina thereby al tering dermal-epidermal 
interactions and affecting differentia tion [27,28]. The present 
study, however, demonstrates that RA can affect keratinocyte 
differentiation in the absence of mesenchymal influences. 
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